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(57) ABSTRACT

Systems and methods for pre-charging a bus capacitance in
vehicles that receive at least a portion of their motive power
from electricity generated from a battery are provided. By
way of example, an embodiment includes a vehicle control
unit (VCU) that receives battery pack data from a battery
management unit (BMU) of each of a plurality of battery
packs and determines, based on the battery pack data, which
battery packs may be used to pre-charge the bus capacitance
in parallel. The VCU issues commands to each of the BMUs
to connect pre-charge circuits between each of the plurality of
battery packs and the bus capacitance and receives status
information from each of the BMUSs to determine whether or
not the bus capacitance was successfully pre-charged by the
battery packs.
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PRE-CHARGING VEHICLE BUS USING
PARALLEL BATTERY PACKS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority from and the benefit of
U.S. Provisional Application Ser. No. 61/584,592, entitled,
“Pre-charging Vehicle Bus Using Parallel Battery Packs,”
filed Jan. 9, 2012, which is hereby incorporated by reference
for all purposes.

BACKGROUND

The present disclosure relates generally to the battery sys-
tems for vehicles deriving at least a portion of their motive
power from an electrical power source. More specifically, the
present disclosure relates to systems and methods used to
pre-charge a bus capacitance in vehicles using parallel battery
packs.

This section is intended to introduce the reader to various
aspects of art that may be related to various aspects of the
present disclosure, which are described and/or claimed
below. This discussion is believed to be helpful in providing
the reader with background information to facilitate a better
understanding of the various aspects of the present disclosure.
Accordingly, it should be understood that these statements are
to be read in this light, and not as admissions of prior art.

Vehicles, such as cars, trucks, and vans, are widely used to
facilitate the movement of people and goods in modern soci-
ety. Vehicles may utilize a number of different energy sources
(e.g., a hydrocarbon fuel, a battery system, a capacitance
system, a compressed air system) to produce motive power.
For example, certain vehicles may include a battery system
and use electric power for part or all of their motive power.

In general, such vehicles may provide a number of advan-
tages as compared to traditional, gas-powered vehicles that
solely rely on internal combustion engines for motive power.
For example, such vehicles may produce fewer undesirable
emission products and may exhibit greater fuel efficiency as
compared to vehicles using only internal combustion engines
to propel the vehicle.

To conserve stored energy, the battery systems used to
provide motive power for vehicles may be disconnected from
the vehicle’s power systems when the vehicle is not in opera-
tion. Because of the large voltage difference and the bus
capacitance between the battery systems and the discon-
nected power systems, immediately reconnecting a battery
system to a disconnected power system on the vehicle may
cause a large inrush of current into the bus capacitance, poten-
tially damaging both the battery and the power system.
Hence, pre-charging systems have been developed that are
designed to limit the inrush current of a battery system until
the bus capacitance is sufficiently charged. These pre-charg-
ing systems often include a pre-charge resistor that may be
connected in series between the battery system and the bus
capacitance until the bus capacitance is charged. The capaci-
tance of the bus capacitance and the resistance of the pre-
charge resistor effectively form an RC circuit, causing a delay
in the pre-charge system in relation to the RC time constant of
the RC circuit.

SUMMARY

A summary of certain embodiments disclosed herein is set
forth below. It should be understood that these aspects are
presented merely to provide the reader with a brief summary
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of these certain embodiments and that these aspects are not
intended to limit the scope of this disclosure. Indeed, this
disclosure may encompass a variety of aspects that may not
be set forth below.

Present embodiments include systems and methods for
pre-charging the bus capacitance in a vehicle that uses paral-
lel battery packs communicating over a vehicle bus. In an
embodiment, a vehicle control system includes a vehicle con-
trol unit configured to send commands to a battery manage-
ment unit on each of the parallel battery packs to begin a
pre-charge sequence. The battery management unit of each of
the parallel battery packs closes contactors on the battery
pack to couple a pre-charge circuit to the parallel battery
packs. During the pre-charge sequence, the battery manage-
ment unit of each of the parallel battery packs sends status
information to the vehicle control unit, and the vehicle control
unit determines commands to send to ensure the bus capaci-
tance is successfully pre-charged. In another embodiment, a
method includes receiving battery pack data from the battery
management unit of each of the parallel battery packs, using
the battery pack data to determine which battery packs may
pre-charge the bus capacitance in parallel, and sending com-
mands to the battery management unit of each of the parallel
battery packs. Once the battery management unit of each of
the parallel battery packs receives the command to begin
pre-charging, the battery management unit will close a pre-
charge contactor in each battery pack to electrically couple
the battery pack to a pre-charge circuit. The method includes
receiving status information from the battery management
unit of each of the parallel battery packs, and determining if
the bus capacitance was successfully pre-charged based on
the status information.

DRAWINGS

Various aspects of this disclosure may be better understood
upon reading the following detailed description and upon
reference to the drawings in which:

FIG. 1 is a perspective view of an XEV including a vehicle
control unit (VCU), and a battery pack having a battery man-
agement unit (BMU), in accordance with an embodiment of
the present disclosure;

FIG. 2 is a cutaway schematic view of a hybrid electric
vehicle (HEV) including battery packs with BMUs, in accor-
dance with an embodiment of the present disclosure;

FIG. 3 is a diagram of the communication interface
between the VCU and two BMU s in parallel, in accordance
with an embodiment of the present disclosure;

FIG. 4 is a pre-charge circuit diagram with two battery
packs connected in parallel, in accordance with an embodi-
ment of the present disclosure;

FIG. 5 is a process diagram illustrating the VCU single
string pre-charge sequence, in accordance with an embodi-
ment of the present disclosure;

FIGS. 6A, 6B, and 6C are process diagrams illustrating the
VCU pre-charge sequence for parallel batteries while the
vehicle is in drive mode, in accordance with embodiments of
the present disclosure;

FIGS. 7A, 7B, and 7C are process diagrams illustrating the
VCU pre-charge sequence for parallel batteries while the
vehicle is in charge mode, in accordance with embodiments
of the present disclosure; and

FIGS. 8A and 8B are process diagrams illustrating the
BMU pre-charge diagnostic sequence during vehicle drive
and charge mode, in accordance with embodiments of the
present disclosure.
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DETAILED DESCRIPTION

One or more specific embodiments will be described
below. In an effort to provide a concise description of these
embodiments, not all features of an actual implementation are
described in the specification. It should be appreciated that in
the development of any such actual implementation, as in any
engineering or design project, numerous implementation-
specific decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and
business-related constraints, which may vary from one imple-
mentation to another. Moreover, it should be appreciated that
such a development effort might be complex and time con-
suming, but would nevertheless be a routine undertaking of
design, fabrication, and manufacture for those of ordinary
skill having the benefit of this disclosure.

When introducing elements of various embodiments of the
present disclosure, the articles “a,” “an,” and “the” are
intended to mean that there are one or more of the elements.
The terms “comprising,” “including,” and “having” are
intended to be inclusive and mean that there may be addi-
tional elements other than the listed elements. Additionally, it
should be understood that references to “one embodiment” or
“an embodiment” of the present disclosure are not intended to
be interpreted as excluding the existence of additional
embodiments that also incorporate the recited features.

For the purposes of the present disclosure, it should be
noted that the presently disclosed embodiments are particu-
larly directed toward applications for XEV electric vehicles.
In particular, the term “xEV” may be used to describe any
vehicle that derives at least a portion of its motive power from
an electric power source (e.g. a battery system). As will be
appreciated by those skilled in the art, hybrid electric vehicles
(HEVs) combine an internal combustion engine propulsion
and high voltage battery power to create traction. The term
HEV may include any variation of a hybrid electric vehicle,
such as micro-hybrid and mild hybrid systems, which disable
the internal combustion engine when the vehicle is idling and
utilize a battery system to continue powering the air condi-
tioning unit, radio, or other electronics, as well as to kick-start
the engine when propulsion is desired. The mild hybrid sys-
tem may apply some level of power assist to the internal
combustion engine, whereas the micro-hybrid system may
not supply power assist to the internal combustion engine. A
plug-in electric vehicle (PEV) is any vehicle that can be
charged from an external source of electricity, such as wall
sockets, and the energy stored in the rechargeable battery
packs drives or contributes to drive the wheels. PEVs are a
subcategory of electric vehicles that include all-electric or
battery electric vehicles (BEVs), plug-in hybrid vehicles
(PHEV3s), and electric vehicle conversions of hybrid electric
vehicles and conventional internal combustion engine
vehicles. An electric vehicle (EV) is an all-electric vehicle
that uses for its propulsion one or more motors powered by
electric energy. The term “xEV” is defined herein to include
all of the foregoing or any variations or combinations thereof
that include electric power as a motive force.

As set forth above, battery packs for xEVs may include an
electronic controller, such as a battery management unit
(BMU), to monitor various parameters associated with the
operation of the battery pack. For example, a BMU may
monitor the temperature, pressure, current, voltage, capacity,
and so forth, for the various battery modules and electro-
chemical cells (e.g., NIMH and/or lithium-ion cells) of the
battery pack using a number of sensors distributed throughout
the battery pack. Additionally, the BMU may communicate
the monitored parameters of the battery pack to a vehicle
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control unit (VCU), which may generally monitor the opera-
tion of the xEV and inform the driver and/or make adjust-
ments to the operation of the XEV in response to the moni-
toring.

Accordingly, present embodiments are directed towards
systems and methods for pre-charging the bus capacitance in
xEVs using parallel battery packs. Systems and methods
include BMUs for each battery pack and a VCU. The pre-
charge routine is enabled by communications over a vehicle
bus by the BMUs and the VCU. The BMUs use the vehicle
bus communications to receive commands, send pack infor-
mation, support diagnostics, and programming and calibra-
tion services. The VCU interprets the data that it receives
from the BMUs and calculates data to be used for VCU
control purposes. Based on the battery pack information
reported by the BMUs, the VCU controls the pre-charge
connection sequence. Furthermore, the BMUs have no direct
communication with each other, allowing straightforward
additions of parallel battery packs. For example, a battery
pack or battery system, which was originally developed for
use as a single string, may be rapidly adapted for use in a
parallel string architecture with minimal engineering work.
The systems and methods of the present embodiments are not
limited to the listed applications. For example, the pre-charg-
ing methods described herein may be utilized in any system
that uses battery packs, such as control systems, generators,
and other battery-powered systems. Additionally, it should be
noted that the present embodiments apply to both high volt-
age and low voltage systems.

With the foregoing in mind, FIG. 1 is a perspective view of
an xEV 10 in accordance with an embodiment of a present
disclosure. The illustrated xEV 10 may be any type of vehicle
having a battery system for providing at least a portion of the
motive power to propel the vehicle. For example, the xEV 10
may be an all-electric vehicle (EV), a hybrid electric vehicle
(HEV), a plug-in hybrid electric vehicle (PHEV), or other
type of vehicle using electric power to provide at least a
portion of the propulsion for the vehicle. Although xEV 10 is
illustrated as a car in FIG. 1, in other embodiments, other
types of vehicles may be used with the present technique. For
example, in other embodiments, the XEV 10 may be a truck,
bus, industrial vehicle, motorcycle, recreational vehicle, boat,
or any other type of vehicle that may move, at least partially,
using electric power. Accordingly, xEV 10 includes a battery
pack 12 capable of supplying electrical power to the xEV 10
that may be used to move the xEV 10, in addition to powering
other features of the xEV 10 (e.g., lights, automatic windows,
automatic locks, entertainment systems, and similar compo-
nents and accessories of the xEV 10). It should be appreciated
that the term “battery pack” as used herein may generally
refer to a battery system that includes a number of electro-
chemical cells and a BMU 14. It should also be appreciated
that, in other embodiments, the BMU 14 may be a separate
component (e.g., part of the XEV 10) that is coupled to the
battery pack 12 upon installation. Furthermore, although the
battery pack 12 illustrated in FIG. 1 is positioned in the trunk
orrear of the xEV 10, in other embodiments, the battery pack
12 may be positioned elsewhere in the xEV 10. For example,
battery pack 12 may be positioned based on the available
space within the XxEV 10, the desired weight balance of the
xEV 10, the location of other components used with the
battery pack 12 (e.g., battery management systems, vents or
cooling devices, or similar systems), and similar engineering
considerations.

In addition to the battery pack 12, including the BMU 14,
the illustrated xEV 10 also has a vehicle control unit (VCU)
16. As mentioned above, the VCU 16 may generally monitor
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and control certain parameters of the xEV 10. For example,
the VCU 16 may use a number of sensors to monitor the
temperature inside the xEV 10, the temperature outside the
xEV 10, the speed of the xEV 10, the load on the electric
motor, and so forth. In certain embodiments, the VCU 16 may
include sensors disposed about the xEV 10 to detect when a
component of the xEV 10 is operating outside of a desired
range (e.g., engine failure, transmission failure, battery fail-
ure, and so forth) and may, furthermore, notify the driver
and/or disable components of the xEV 10 in response. For
hybrid xEVs that include an internal combustion engine, such
as HEVs and PHEVs, the VCU 16 may also monitor and
control parameters of the internal combustion engine (e.g.,
oxygen content at the air intake, atmospheric pressure,
remaining fuel, revolutions per minute, coolant temperature,
and other factors affecting the performance and operation of
the internal combustion engine) as well.

The BMU 14 and the VCU 16 communicate with each
other over a vehicle bus 18. The vehicle bus 18 may comprise
a system of wires configured to enable electrical signals to
transmit data between the BMU 14 and the VCU 16 in the
xEV 10. The communication between the BMU 14 and the
VCU 16 may also be enabled through a wireless communi-
cation link. The BMU 14 and the VCU 16 may communicate
over the vehicle bus 18 using a communications protocol such
as the controller area network (CAN) protocol. CAN is a
message-based protocol designed for use in automotive, aero-
space, and industrial applications.

As mentioned above, XEVs, like the one illustrated in FIG.
1, may be divided into more specific sub-classes based on the
internal design of the vehicle. FIG. 2 is a cutaway schematic
view of a hybrid electric vehicle (HEV) 40 including battery
packs with BMUs, in accordance with an example embodi-
ment of the present approach. Like the xEV 10 illustrated in
FIG. 1, the HEV 40 includes a battery pack 12 toward the rear
of'the HEV 40, proximate a fuel tank. In other embodiments,
the battery pack 12 may be disposed in a separate compart-
ment in the rear of the vehicle (e.g., a trunk), or another
suitable location. In certain embodiments, a plurality of bat-
tery packs 12 connected in parallel may each comprise a
BMU 14. Additionally, the HEV 40 includes an internal com-
bustion engine 42, which may combust a hydrocarbon fuel to
produce power that may be used to propel the HEV 40. Also,
the HEV 40 is equipped with an electric motor 44 that is
coupled to the battery pack 12 and is also used to propel the
HEV 40. The illustrated HEV 40 is also equipped with a
power split device 46, which allows a portion of the power
(e.g., rotational energy) to be directed to a generator 48 suit-
able for charging the battery pack 12. It should be noted that
othertypes of xEVs (e.g., EVs, HEVs, PHEVs, etc.) and other
configurations (e.g., the type of vehicle, the type of vehicle
technology, and the battery chemistry, among other configu-
rations) may be used in various embodiments of the present
disclosure.

The pre-charging of a system having two or more BMUs 14
presents some unique challenges, as compared to pre-charg-
ing a system having only one BMU 14. To address some of
these challenges, multiple BMUs 14 may be arranged to
communicate with the VCU 16 independently of one another,
as illustrated in FIG. 3. The VCU 16 may include a data
interpretation and computation module 62 for interpreting
data received from the BMUs 14 or other devices in the xEV
10 and for calculating commands to send to the BMUs 14.
The data interpretation and computation module 62 may send
commands using vehicle communication circuitry 64 with a
communications protocol, such as CAN. Additionally, the
data interpretation and computation module 62 may perform
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decision-making operations and issue commands to a vehicle
control module 66 to perform operations such as opening and
closing battery pack contactors, operating circuitry to balance
the battery pack loading, and enabling battery pack charging,
among other operations. The data interpretation and compu-
tation module 62 and the vehicle control module 66 may be
implemented in instructions stored on computer-readable
non-transitory media that may be executed by a suitable pro-
cessing device, such as the VCU 16.

The VCU 16 may be communicatively connected to two or
more battery packs 12 including a BMU 14. The diagram of
FIG. 3 illustrates two battery packs 12A and 12B each includ-
ing a BMU 14A and 14B. The BMU 14A and 14B of each
battery pack 12A and 12B may include vehicle communica-
tion circuitry 68A and 68B to send and receive data and
commands over the vehicle bus 18 using the CAN protocol as
mentioned above. To interpret the data received by the vehicle
communication circuitry 68A and 68B, the BMU 14A and
14B may include respective data interpretation and compu-
tation modules 70A and 70B. Additionally, the data interpre-
tation and computation modules 70A and 70B may calculate
data to be sent to the VCU 16 and issue commands to high
voltage (HV) connection circuitry 72A and 72B of the respec-
tive battery packs 12A and 12B. The HV connection circuitry
72 may include contactors to connect the respective battery
pack 12A and 12B to the bus capacitance of the xEV 10 as
well as pre-charge contactors for connecting the respective
battery pack 12A and 12B to a pre-charge circuit for pre-
charging the bus capacitance of the xEV 10.

CAN messages 74 may be sent to transmit data and com-
mands between each BMU 14A and 14B and the VCU 16.
Each CAN message 74 may include a unique ID 76 to enable
the VCU 16 to determine the particular BMU 14A or 14B for
which the data and commands are intended. The unique IDs
74 may include a string of characters to uniquely identify each
BMU 14A and 14B and allow the VCU 16 to collect data from
and send commands to multiple independent BMUs 14A and
14B. The independent BMUs 14 may enable connecting a
single string battery pack to be used in the parallel configu-
ration mentioned above without additional complexity.

The circuit diagram illustrated in FIG. 4 shows more detail
of'the HV connection circuitry 72 of FIG. 3. The HV connec-
tion circuitry 72 may include positive main contactors 80 and
negative main contactors 82. These contactors 80 and 82 are
designed to close to allow current to flow from the battery
packs 12 to the bus capacitance of the xEV 10 and to open to
effectively cut off the battery packs 12A and 12B from the bus
capacitance of the xEV 10. The positive main contactors 80
and the negative main contactors 82 may be opened and
closed in response to signals from the BMUs 14A and 14B.
Additionally, the connection circuitry 72 may comprise pre-
charge contactors 84 electrically coupled in parallel with the
positive main contactors 80. The pre-charge contactors 84
may be electrically coupled in series with pre-charge resistors
86 to force current to flow through the pre-charge resistors 86
when the pre-charge contactors 84 are closed and the main
contactors 80, 82 are open. The pre-charge resistors 86 may
be designed to limit the current flowing to a capacitor 88
representing the bus capacitance of the xEV 10.

Before pre-charging occurs, the positive main contactors
80, negative main contactors 82, and the pre-charge contac-
tors 86 may be open to disconnect the battery packs 12A and
12B from the bus capacitance (capacitor 88). The VCU 16
may send a command to the BMUs 14A and 14B over the
vehicle bus 18 to begin pre-charging the power system by
closing the negative main contactors 82 and the pre-charge
contactors 84, effectively allowing current to flow from the
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battery packs 12A and 12B through the pre-charge resistors
86 and into the bus capacitance of the xEV 10. The pre-charge
resistors 86 may limit the inrush current flowing from the
battery packs 12A and 12B to the bus capacitance that could
potentially weld the positive main contactors 80 and the nega-
tive main contactors shut 82 and damage the battery packs 12,
the power system of the xEV 10, or both.

In certain embodiments, the VCU 16 may close the pre-
charge contactor 84 for only a single battery pack 12A and
12B. After the bus capacitance (capacitor 88) is sufficiently
charged, each BMU 14A and 14B may send a CAN message
74 to the VCU 16 notifying the completion of the pre-charge.
The VCU 16 may process the CAN message 74 and send back
a CAN message 74 with a command to open the pre-charge
contactors 84 and close the positive main contactors 80 to
allow normal operation between the battery packs 12A and
12B and the bus capacitance of the xEV 10. The value of
capacitor 88 may determine how much time may elapse dur-
ing a pre-charge sequence.

In addition to the pre-charge circuitry, the connection cir-
cuitry 72 may include a service disconnect 90 configured to
allow a worker to manually disconnect the battery packs 12
from the connection circuitry 72. A main fuse 92 may be in
series with the service disconnect 90 and may be configured
to form an open circuit in the case a current flows from the
battery packs 12 that would potentially damage the battery
packs 12 or the bus capacitance of the xEV 10. The BMU 14
of each battery pack 12 may comprise a resistor forming a
current shunt 94 in series with the battery packs 12. Since the
current shunt 94 is a constant resistance, measuring the volt-
age across the current shunt 94 may allow each BMU 14 to
monitor the current flowing from each respective battery pack
12.

To determine when the main contactors 80, 82 and the
pre-charge contactors 84 of each BMU 14A and 14B should
be opened or closed, the data interpretation and computation
module 62 of the VCU 16 may include logic steps defining a
pre-charge sequence. To illustrate the pre-charge sequence
logic of the data interpretation and computation module 62 of
the VCU 16, FIG. 5 illustrates a process diagram 100 of the
VCU single string pre-charge sequence in accordance with an
embodiment of the present technique. A single string pre-
charge sequence may occur between a single BMU 14A and
14B and the VCU 16. The outcome of the single string pre-
charge sequence may be a single battery pack 12A and 12B
having pre-charged the bus capacitance in the xEV 10. As
represented by block 102, the VCU 16 may determine that a
pre-charge sequence should be started. A pre-charge
sequence may be started any time that battery packs 12A and
12B may be connected to an uncharged bus capacitance. The
VCU 16 may send a CONNECT DRIVE command to the
BMU 14 to start the pre-charge, as represented by block 104.
The VCU 16 may send the CONNECT DRIVE command at
varying time intervals or periodically, such as every 20 mil-
liseconds. Once the BMU 14 receives the CONNECT
DRIVE command, it may undergo the pre-charge diagnostic
sequence shown later in FIG. 8 to determine the pre-charge
state of the battery pack 12.

The possible pre-charge states of the battery pack 12 may
be INACTIVE, INHIBIT, OR PRECHARGE. The battery
pack 12 may be in the INACTIVE state before a CONNECT
DRIVE command is sent from the VCU 16. Once the CON-
NECT DRIVE command is received, the BMU 14 may set the
pre-charge state of the battery pack 12 to INHIBIT if there is
an internal isolation fault, a battery voltage sensing fault, a
short circuit fault in the bus capacitance, a hardware fault in
the bus capacitance, or a combination thereof. Likewise, the
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BMU 14 may set the pre-charge state of the battery pack 12 to
INHIBIT if the battery pack 12 temperature is out of a pre-
determined range, if the battery pack 12 voltage is below a
pre-determined value, if a lock-out time for the battery pack
12 has not elapsed, if a CAT6 or CAT7 fault is set, if a positive
main contactor 86 or a negative main contactor 88 is short
circuited to ground, if an open circuit fault is set, if a short
circuit to battery fault is set for a positive main contactor 86,
a negative main contactor 88, or a pre-charge contactor 90, if
a minimum state of charge of the battery pack 12 is at a
minimum limit, or any combination thereof. A CAT6 fault
may include a critical fault that requires the battery pack 12 to
be disconnected from the vehicle power system in 1-2 sec-
onds for safety reasons. A CAT7 fault may include a critical
fault that requires the battery pack 12 to be immediately
disconnected from the vehicle power system due to a hard-
ware fault. The BMU 14 may set the pre-charge state of the
battery pack 12 to PRECHARGE if the battery pack 12 is able
to begin pre-charging.

The VCU 16 may receive the pre-charge state ofthe battery
pack 12 from the BMU 14. As represented by block 106, the
VCU 16 may check if the pre-charge state of the BMU 14 is
INACTIVE or INHIBITED. If the pre-charge state of the
BMU 14 is INACTIVE or INHIBITED, the VCU 16 may
continue to periodically send the CONNECT DRIVE com-
mand to the BMU 14 and check the pre-charge state of the
BMU 14. The VCU 16 may also send the CONNECT DRIVE
command and check the pre-charge states of the BMUs 14 at
time intervals of varying lengths. When the BMU 14 state is
no longer INACTIVE or INHIBITED, the VCU 16 may begin
checking if the pre-charge state of the BMU 14 is PRE-
CHARGING, as represented by block 108. The VCU 16 may
continue to check the pre-charge state of the BMU 14 until the
battery pack 12 is done pre-charging and the state of the BMU
14 is no longer PRECHARGING. Once the state of the BMU
14 is no longer PRECHARGING, the pre-charge state of the
BMU 14 may be either COMPLETE or FAILED. The BMU
14 may set the pre-charge state of the battery pack 12 to
COMPLETE if the pre-charge was completed successfully.
The BMU 14 may set the pre-charge state of the battery pack
12 to FAILED if there was a failure to connect to the bus
capacitance due to hardware faults in the battery pack 12, if
the bus capacitance contains a short, if the battery pack 12 has
a low cell voltage or temperature, if the battery pack 12
voltage is less than a minimum limit, if the number of pre-
charge attempts exceeds a pre-determined limit within a pre-
determined amount of time, if an internal isolation fault
occurs, if a voltage sensing fault occurs, or any combination
thereof.

As represented by block 110, the VCU 16 may check ifthe
pre-charge state of the BMU 14 is COMPLETE. If the pre-
charge state of the BMU 14 is not COMPLETE, the pre-
charge state is inherently FAILED, as represented by block
112. The VCU 16 may start sending a DISCONNECT com-
mand to the BMU 14 to restart the pre-charge sequence, as
represented by block 114. The DISCONNECT command
may be sent to the BMU 14 at varied time intervals or peri-
odically, such as every 20 milliseconds. Ifthe pre-charge state
of'the BMU 14 is COMPLETE, the pre-charge is complete, as
represented by block 116.

As mentioned, FIG. 5 illustrates a process diagram 100 for
the VCU single string pre-charge sequence. However, to pre-
charge with more than one battery pack 12, the VCU 16 may
execute a more complex pre-charge sequence, although each
time a single string pre-charge sequence is executed within
this more complex sequence, it follows the process described
with respect to FIG. 5. FIGS. 6A, 6B, and 6C show a process
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diagram 120 illustrating the VCU pre-charge sequence for
parallel batteries while the vehicle is in drive mode, or any
other mode that may enable discharge of the battery packs 12.
In the present embodiment, the process diagram 120 may
illustrate the VCU pre-charge sequence for two battery packs
12A and 12B in parallel. The first battery pack 12A may be
referred to as battery pack A, and the second battery pack 12B
may be referred to as battery pack B. Other processes may be
derived from process diagram 120 for more than two battery
packs 12A and 12B. As represented by block 122 of FIG. 6A,
the VCU 16 may determine that a pre-charge sequence should
be started. As mentioned before, a pre-charge sequence may
be started any time that disconnected battery packs 12A and
12B may be connected to an uncharged bus capacitance. If a
difference in the terminal voltages of battery packs 12A and
12B connected in parallel is significant, a surge current may
flow from the battery packs 12 potentially damaging the
electronics of the battery packs 12 or the bus capacitance of
the xEV 10. As represented by block 124 of FIG. 6A, the VCU
16 may determine if a difference in the terminal voltages of
the battery packs 12 is less than or equal to a pre-determined
voltage threshold, such as 3 volts or a percentage of the
terminal voltage of the battery pack with the higher terminal
voltage. If the difference in the terminal voltages of the bat-
tery packs 12 is below a pre-determined voltage threshold, the
VCU 16 may start sending the CONNECT DRIVE command
to battery pack A and battery pack B to start the pre-charge
sequence, as represented by blocks 126 and 128 of FIG. 6A.
The VCU 16 may send the CONNECT DRIVE command to
each battery pack 12 at varied time intervals or periodically,
such as every 20 milliseconds. Once BMU A and BMU B
receive the CONNECT DRIVE command, they may execute
the pre-charge diagnostic sequence shown in FIG. 8 to deter-
mine the pre-charge state of the battery packs 12.

Once the BMUs 14 complete the pre-charge diagnostic
sequence, they may send the pre-charge state to the VCU 16.
As represented by block 130 of FIG. 6A, the VCU 16 may
check ifthe pre-charge states of both BMU A and BMU B are
INACTIVE or INHIBITED. If the pre-charge states of both
BMU A and BMU B are INACTIVE or INHIBITED, the
VCU 16 may continue to periodically send the CONNECT
DRIVE command to the BMUs 14 and check the pre-charge
states of the BMUs 14. The VCU 16 may also send the
CONNECT DRIVE command and check the pre-charge
states of the BMUs 14 at time intervals of varying lengths.
When the state of either one of BMU A or BMU B is no longer
INACTIVE or INHIBITED, the VCU 16 may begin checking
if the pre-charge state of either one of BMU A or BMU B is
PRECHARGING, as represented by block 132 of FIG. 6A.
The VCU 16 may continue to check the pre-charge states of
BMU A and BMU B until either one of BMU A or BMU B is
done pre-charging and the state of BMU A or BMU B is no
longer PRECHARGING.

Once the state of either one of BMU A or BMU B is no
longer PRECHARGING, the pre-charge state of at least one
of BMUA or BMU B may be COMPLETE. The VCU 16 may
check ifthe pre-charge states of both BMU A and BMU B are
COMPLETE, as represented by block 134 of FIG. 6A. If so,
the pre-charge sequence may be complete with both packs
pre-charged in parallel (block 136). If the pre-charge state of
either one of BMU A or BMU B is not COMPLETE, the VCU
16 may check if the pre-charge state of BMU A is COM-
PLETE (block 138). If the pre-charge state of BMU A is
COMPLETE, the pre-charge sequence may be complete with
a single string pre-charge by battery pack A (block 140).
Alternatively, if the pre-charge state of BMU A is not COM-
PLETE, the VCU 16 may check if the pre-charge state of
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BMU B is COMPLETE (block 142). If the pre-charge state of
BMU B is COMPLETE, the pre-charge sequence may be
complete with a single string pre-charge by battery pack B
(block 144). However, if the pre-charge state of BMU B is not
complete, the pre-charge may have failed, as represented by
block 146 of FIG. 6A. In the case of pre-charge failure, the
VCU 16 may then start sending the DISCONNECT com-
mand to BMU A and BMU B, as represented by block 148 of
FIG. 6A. The VCU 16 may send the DISCONNECT com-
mand at varied time intervals or periodically, such as every 20
milliseconds.

As mentioned before, parallel pre-charging with battery
packs that have substantially different terminal voltages may
cause a surge current that may damage the battery packs 12 or
the electrical components of the bus capacitance of the xEV
10. Therefore, referring back to block 124 of FIG. 6A, if the
difference in the terminal voltages of the battery packs 12 is
greater than the pre-determined voltage threshold, the VCU
16 may check which battery pack 12 has a higher terminal
voltage, as represented by block 150 of FIG. 6B. If battery
pack A has a higher terminal voltage, the VCU 16 may per-
form the single string pre-charge sequence 152 illustrated by
process diagram 100 in FIG. 5 on battery pack A. The battery
pack 12 with the higher terminal voltage is initially chosen for
the pre-charge sequence because pre-charging may lower the
terminal voltage of the battery pack 12 nearer to the terminal
voltage of the other battery pack 12. After the single string
pre-charge sequence is complete, the VCU 16 may check if
the pre-charge state of BMU A is COMPLETE, as repre-
sented by block 154 of FIG. 6B. If the pre-charge state of
BMU A is not COMPLETE, the VCU 16 may perform the
single string pre-charge sequence 156 illustrated by process
diagram 100 in FIG. 5 on battery pack B. After the single
string pre-charge sequence is complete, the VCU 16 may
check if the pre-charge state of BMU B is COMPLETE
(block 158). If the pre-charge state of BMU B is COM-
PLETE, the pre-charge sequence is complete with single
string charging with the battery pack with the lower terminal
voltage (battery pack B), as represented by block 160 of FI1G.
6B. However, if the pre-charge state of BMU B is not COM-
PLETE, the pre-charge sequence failed and faults may be set
in BMU A and BMU B, as represented by block 162 of FIG.
6B.

At block 154, if the pre-charge state of battery pack A is
COMPLETE, the VCU 16 may check if the difference of the
terminal voltages of the battery packs 12 is less than or equal
to a pre-determined voltage threshold, as represented by
block 164 of FIG. 6B. If not, the VCU 16 may indicate to a
driver of the xEV 10 that battery pack B may need to be
charged, as represented by block 166 of FIG. 6B. The VCU 16
may indicate to the driver of the XEV 10 that battery pack B
may need to be charged using an instrument cluster. As rep-
resented by block 168 of FIG. 6B, the pre-charge sequence is
complete with single string charging with the battery pack
with the higher terminal voltage (battery pack A).

At block 164, if the difference of the terminal voltages of
the battery packs 12 is less than or equal to a pre-determined
voltage threshold, the VCU 16 may perform the single string
pre-charge sequence 170 illustrated by process diagram 100
in FIG. 5 on battery pack B. The VCU 16 may then check if
the pre-charge state of BMU B is COMPLETE, as repre-
sented by block 172 of FIG. 6B. If not, the pre-charge
sequence is complete with single string charging with the
battery pack with the higher terminal voltage (battery pack A)
(block 168). If so, the pre-charge sequence is complete with
dual string charging with the battery pack with the higher
terminal voltage (battery pack A) charged first (block 174).
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Referring back to block 150 of FIG. 6B, if battery pack B
has a higher terminal voltage, the VCU 16 may perform the
single string pre-charge sequence 176 illustrated by process
diagram 100 in FIG. 5 on battery pack B. As mentioned
above, the battery pack with the higher voltage is used for
pre-charging first to lower the terminal voltage to be closer to
the terminal voltage of the other battery pack 12. After the
single string pre-charge sequence is complete, the VCU 16
may check if the pre-charge state of BMU B is COMPLETE
(block 178). If the pre-charge state of BMU B is not COM-
PLETE, the VCU 16 may perform the single string pre-charge
sequence 180 illustrated by process diagram 100 in FIG. 5 on
battery pack A. After the single string pre-charge sequence is
complete, the VCU 16 may check if the pre-charge state of
BMU A is COMPLETE (block 182). If the pre-charge state of
BMU A is COMPLETE, the pre-charge sequence is complete
with single string charging with the battery pack with the
lower terminal voltage (battery pack A) (block 160). If the
pre-charge state of BMU A is not COMPLETE, the pre-
charge sequence failed and faults may be set in BMU A and
BMU B (block 162).

Atblock 178 of FIG. 6C, if the pre-charge state of battery
pack B is COMPLETE, the VCU 16 may check if the differ-
ence of the terminal voltages of the battery packs 12 is less
than or equal to a pre-determined voltage threshold, as rep-
resented by block 184 of FIG. 6C. If not, the VCU 16 may
indicate to a driver of the XEV 10 that battery pack A may
need to be charged, as represented by block 186 of FIG. 6C.
The VCU 16 may indicate to the driver of the XxEV 10 that
battery pack A may need to be charged using an instrument
cluster. As represented by block 168 of FIG. 6B, the pre-
charge sequence is complete with single string charging with
the battery pack with the higher terminal voltage (battery
pack B).

At block 184 of FIG. 6C, if the difference of the terminal
voltages of the battery packs 12A and 12B is less than or equal
to a pre-determined voltage threshold, the VCU 16 may per-
form the single string pre-charge sequence 188 illustrated by
process diagram 100 in FIG. 5 on battery pack A. The VCU 16
may then check if the pre-charge state of BMU A is COM-
PLETE, as represented by block 190 of FIG. 6C. If not, the
pre-charge sequence is complete with single string charging
with the higher pack voltage (battery pack B) (block 168). If
so, the pre-charge sequence is complete with dual string
charging with the battery pack with the higher terminal volt-
age (battery pack B) charged first, as represented by block 174
of FIG. 6C.

When an xEV 10 is charging its battery packs 12A and
12B, the pre-charge sequence may be modified so that batter-
ies with lower terminal voltages (and thus less charge) have
priority for returning to being charged. The battery pack 12
with the lower terminal voltage is used for pre-charging first
so that it can charge to have a terminal voltage level substan-
tially equal to the battery pack 12 with the higher terminal
voltage before the battery pack 12 with the higher terminal
voltage is used for pre-charging. Accordingly, FIGS. 7A, 7B,
and 7C show a modified process diagram 200 illustrating the
VCU pre-charge sequence for parallel batteries while the
vehicle is in charge mode rather than drive mode (FIGS. 6A,
6B, and 6C). In the present embodiment, the process diagram
200 may illustrate the VCU pre-charge sequence for two
battery packs 12A and 12B in parallel. The first battery pack
12A may be referred to as battery pack A, and the second
battery pack 12B may be referred to as battery pack B. Other
processes may be derived from process diagram 200 for more
than two battery packs 12A and 12B. As represented by block
202 of FIG. 7A, the VCU 16 may determine that a pre-charge
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sequence should be started. As previously mentioned, a pre-
charge sequence may be started any time that disconnected
battery packs 12 may be connected to an uncharged bus
capacitance. As represented by block 204 of FIG. 7A, the
VCU 16 may set charge currents for battery packs 12A and
12B to zero so that a battery pack 12 is not charging and
pre-charging simultaneously. After suspending charging, the
VCU 16 determines if a difference in the terminal voltages of
the battery packs 12A and 12B is less than or equal to a
pre-determined voltage threshold (AV ), as represented by
block 206 of FIG. 7A. The pre-determined voltage threshold
may be a percentage of the voltage of the battery pack 12 with
the higher terminal voltage. For example, in a certain embodi-
ment, if the terminal voltage of the battery pack 12 with the
higher terminal voltage is 120 volts, the pre-determined volt-
age threshold may be 3% of the 120 volts, or 3.6 volts. As
mentioned above, if the terminal voltages of each battery pack
12A and 12B are substantially different, current may flow
from the battery pack 12 that has a higher terminal voltage to
the battery pack 12 with the lower terminal voltage, impeding
the pre-charge sequence. If the difference in the terminal
voltages of the battery packs 12 is below the pre-determined
voltage threshold, the VCU 16 may start sending the CON-
NECT CHARGE command to battery pack A and battery
pack B to start the pre-charge sequence, as represented by
blocks 208 and 210 of FIG. 7A. The VCU 16 may send the
CONNECT CHARGE command to each battery pack 12A
and 12B at varied time intervals or periodically, such as every
20 milliseconds. Once BMU A and BMU B receive the CON-
NECT CHARGE command, they may execute the pre-charge
diagnostic sequence illustrated in FIG. 8 to determine the
pre-charge state of the battery packs 12A and 12B.

The VCU 16 may receive the pre-charge state ofthe battery
packs 12 from BMU A and BMU B. As represented by block
212 of FIG. 7A, the VCU 16 may check if the pre-charge
states of both BMU A and BMU B are INACTIVE or INHIB-
ITED. If the pre-charge states of both BMU A and BMU B are
INACTIVE or INHIBITED, the VCU 16 may continue to
periodically send the CONNECT CHARGE command to the
BMUs 14 and check the pre-charge states of the BMUs 14.
The VCU 16 may also send the CONNECT DRIVE com-
mand and check the pre-charge states of the BMUs 14 at time
intervals of varying lengths. When the state of either one of
BMU A or BMU B is no longer INACTIVE or INHIBITED,
the VCU 16 may begin checking if the pre-charge state of
either one of BMU A or BMU B is PRECHARGING, as
represented by block 214 of FIG. 7A. The VCU 16 may
continue to check the pre-charge states of BMU A and BMU
B until either one of BMU A or BMU B is done pre-charging
and the state of BMU A or BMU B is no longer PRECHARG-
ING.

Once the state of either one of BMU A or BMU B is no
longer PRECHARGING, the pre-charge state of at least one
of BMU A or BMU B may be COMPLETE. The VCU 16 may
check if the pre-charge states of both BMU A and BMU B are
COMPLETE (block 216). If so, the pre-charge sequence may
be complete with both packs pre-charged in parallel, as rep-
resented by block 218 of FIG. 7A. Both BMU A and BMU B
may continue charging after the parallel pre-charge sequence
is complete. If the pre-charge state of either one of BMU A or
BMU B is not COMPLETE, the VCU 16 may check if the
pre-charge state of BMU A is COMPLETE, as represented by
block 220 of FIG. 7A. If the pre-charge state of BMU A is
COMPLETE, the pre-charge sequence may be complete with
a single string pre-charge by battery pack A (block 222).
Battery pack A may continue charging after the single string
pre-charge sequence is complete with battery pack A. If the
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pre-charge state of BMU A is not COMPLETE, the VCU 16
may check if the pre-charge state of BMU B is COMPLETE,
asrepresented by block 224 of FIG. 7A. Ifthe pre-charge state
of BMU B is COMPLETE, the pre-charge sequence may be
complete with a single string pre-charge by battery pack B
(block 226). Battery pack B may continue charging after the
single string pre-charge sequence is complete with battery
pack B. If the pre-charge state of BMU B is not complete, the
pre-charge may have failed, as represented by block 228 of
FIG. 7A. The VCU 16 may indicate to the driver of the xEV
10 that the battery packs 12 may not be charging using an
instrument cluster. The VCU 16 may start sending the DIS-
CONNECT command to BMU A and BMU B, as represented
by block 230 of FIG. 7A. The VCU 16 may send the DIS-
CONNECT command at varying time intervals or periodi-
cally, such as every 20 milliseconds.

As explained above, the pre-charge sequence while an xEV
10 is charging its battery packs 12 may be modified to initially
pre-charge with the battery pack 12 that has a lower terminal
voltage. At block 206 of FIG. 7A, if the difference in the
terminal voltages of the battery packs 12 is greater than the
pre-determined voltage threshold, the VCU 16 may check
which battery pack 12 has a higher terminal voltage, as rep-
resented by block 232 of FIG. 7B. If battery pack B has a
higher terminal voltage, the VCU 16 may perform the single
string pre-charge sequence 234 illustrated by process dia-
gram 100 in FIG. 5 on battery pack A. After the single string
pre-charge sequence is complete, the VCU 16 may check if
the pre-charge state of BMU A is COMPLETE (block 236). If
the pre-charge state of BMU A is not COMPLETE, the VCU
16 may perform the single string pre-charge sequence 238
illustrated by process diagram 100 in FIG. 5 on battery pack
B. After the single string pre-charge sequence is complete, the
VCU 16 may check if the pre-charge state of BMU B is
COMPLETE (block 240). If the pre-charge state of BMU B is
COMPLETE, the pre-charge sequence is complete with
single string charging with the battery pack with the higher
terminal voltage (battery pack B), as represented by block
242 of FIG. 7B. Battery pack B may continue charging after
the pre-charge sequence is complete with single string charg-
ing with battery pack B. If the pre-charge state of BMU B is
not COMPLETE, the pre-charge sequence failed and the
driver of the XEV 10 may be notified that BMU A and BMU
B are not being charged, as represented by block 244 of FIG.
7B.

At block 236 of FIG. 7B, if the pre-charge state of battery
pack A is COMPLETE, battery pack A may continue to
charge (block 246). The VCU 16 may check if the difference
of the terminal voltages of the battery packs 12 is less than or
equal to a pre-determined voltage threshold, as represented
by block 248 of FIG. 7B. If not, battery pack A will continue
to charge until the difference of the terminal voltages of the
battery packs 12 is within the pre-determined voltage thresh-
old. If the difference of the terminal voltages of the battery
packs 12 is less than or equal to the pre-determined voltage
threshold, the VCU 16 may perform the single string pre-
charge sequence 250 illustrated by process diagram 100 in
FIG. 5 on battery pack B. The VCU 16 may check if the
pre-charge state of BMU B is COMPLETE (block 252). If
not, battery pack A may continue to charge as represented in
block 246, and the sequence may repeat the steps represented
in blocks 248, 250, and 252 of FIG. 7B. If the pre-charge state
of BMU B is COMPLETE, the pre-charge sequence is com-
plete with dual string charging with the battery pack with the
lower terminal (battery pack A) voltage charged first, as rep-
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resented by block 254 of FIG. 7B. After the dual string pre-
charge sequence is complete, battery pack A and battery pack
B may continue charging.

Referring back to block 232 of FIG. 7B, if battery pack A
has a higher terminal voltage, the VCU 16 may perform the
single string pre-charge sequence 256 illustrated by process
diagram 100 in FIG. 5 on battery pack B. After the single
string pre-charge sequence is complete, the VCU 16 may
check if the pre-charge state of BMU B is COMPLETE, as
represented by block 258 of FIG. 7C. If the pre-charge state of
BMU B is not COMPLETE, the VCU 16 may perform the
single string pre-charge sequence 260 illustrated by process
diagram 100 in FIG. 5 on battery pack A. After the single
string pre-charge sequence is complete, the VCU 16 may
check if the pre-charge state of BMU A is COMPLETE
(block 262). If the pre-charge state of BMU A is COM-
PLETE, the pre-charge sequence is complete with single
string charging with the battery pack with the higher terminal
voltage (battery pack A), as represented by block 264 of FI1G.
7C. After the single string charging, battery pack A may
continue charging. If the pre-charge state of BMU A is not
COMPLETE, the pre-charge sequence failed and the driver of
the xEV 10 may be notified that BMU A and BMU B are not
being charged, as represented by block 244 of FIG. 7B.

At block 258 of FIG. 7C, if the pre-charge state of battery
pack B is COMPLETE, battery pack B may continue to
charge (block 266). The VCU 16 may check if the difference
of' the terminal voltages of the battery packs 12 is less than or
equal to a pre-determined voltage threshold, as represented
by block 268 of FIG. 7C. If not, battery pack B will continue
to charge until the difference of the terminal voltages of the
battery packs 12 is within the pre-determined voltage thresh-
old. If the difference of the terminal voltages of the battery
packs 12 is less than or equal to the pre-determined voltage
threshold, the VCU 16 may perform the single string pre-
charge sequence 270 illustrated by process diagram 100 in
FIG. 5 on battery pack A. The VCU 16 may check if the
pre-charge state of BMU A is complete (block 272). If not,
battery pack B may continue to charge as represented in block
266 of FIG. 7C, and the sequence may repeat the steps rep-
resented in blocks 268, 270, and 272 of FIG. 7C. If the
pre-charge state of BMU A is complete, the pre-charge
sequence is complete with dual string charging with the bat-
tery pack with the lower terminal voltage (battery pack B)
charged first, as represented by block 254 of FIG. 7B. After
the dual string pre-charge sequence is complete, battery pack
A and battery pack B may continue charging.

At several points in the pre-charge sequences of both drive
and charge mode, the BMU 14 may determine the pre-charge
state of its respective battery pack 12. While FIGS. 5-7 illus-
trate logic of the VCU 16 operation, the process diagram 300
of FIGS. 8A and 8B illustrates logic of the BMU 14 for the
pre-charge diagnostic sequence that determines the pre-
charge state. The logic of the process diagram 300 may start
in the BMU 14 when the CONNECT DRIVE or CONNECT
CHARGE command is sent from the VCU 16 to the BMU 14
over the vehicle bus 18 with the CAN protocol, as represented
by block 302 of FIG. 8A. After receiving the command, the
BMU 14 may determine if a pre-charge failure has occurred
within a time period threshold, such as the past two seconds
(block 304). If so, the BMU 14 may inhibit the pre-charge
until a given time period, such as two seconds, has passed
since the last pre-charge failure (block 306). As represented
by block 308 of FIG. 8B, the pre-charge may be inhibited. The
output pre-charge state may be set to INHIBITED, and the
output pre-charge state may be sent to the VCU 16 over the
vehicle bus 18 with the CAN protocol, as represented by
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block 310 of FIG. 8B. After the pre-charge state is sent to the
VCU 16, the pre-charge function may be complete (block
312).

At block 304 of FIG. 8A, if a pre-charge failure has not
occurred within the time threshold, the BMU 14 may check if
the number of pre-charge attempts in a given time frame
exceeds an allowable limit, as represented by block 314 of
FIG. 8A. For example, the BMU 14 may check if there have
been three or more pre-charge attempts in the last two sec-
onds. If so, the BMU 14 may inhibit pre-charge for a time
period, such as three minutes (block 316). The output pre-
charge state may be set to INHIBITED (block 308), and the
output pre-charge state may be sent to the VCU 16 over the
vehicle bus 18 with the CAN protocol, as represented by
block 310 of FIG. 8B. After the pre-charge state is sent to the
VCU 186, the pre-charge function may be complete, as repre-
sented by block 312 of FIG. 8B.

At block 314 of FIG. 8A, if the number of pre-charge
attempts in a given time frame does not exceed the allowable
limit, the BMU 14 may check if it has inhibited the pre-charge
function, as represented by block 318. If so, the output pre-
charge state may be set to INHIBITED (block 308), and the
output pre-charge state may be sent to the VCU 16 over the
vehicle bus 18 with the CAN protocol, as represented by
block 310. After the pre-charge state is sent to the VCU 16, the
pre-charge function may be complete, as represented by
block 312 of FIG. 8B.

Atblock 318 of FIG. 8A, if the pre-charge function has not
been inhibited, the BMU 14 may send a command to the
pre-charge contactors 84 as well as the negative main contac-
tors 82 to close and begin pre-charging the bus capacitance of
the xEV 10, as represented by block 320 of FIG. 8A. The
BMU 14 may check if the voltage of the bus capacitance is
within a percentage range of the battery pack 12 voltage, as
represented by block 322 of FIG. 8 A. For example, the BMU
14 may check ifthe voltage of the bus capacitance is within an
upper threshold and a lower threshold, such as within 95%
and 105% of the battery pack 12 voltage. If so, the pre-charge
may be complete (block 324), the output pre-charge state may
be setto COMPLETE, and the output pre-charge state may be
sent to the VCU 16 over the vehicle bus 18 with the CAN
protocol (block 310). After the pre-charge state is sent to the
VCU 186, the pre-charge function may be complete, as repre-
sented by block 312 of FIG. 8B.

5

10

15

20

25

30

35

40

16

322 and 326. If the elapsed pre-charge time is greater than or
equal to the given pre-charge time threshold, the BMU 14
may set a pre-charge fault as represented by block 332 of FIG.
8B. The BMU 14 may set the pre-charge state to FAILED
(block 334) and may output the pre-charge state to the VCU
16 over the vehicle bus 18 with the CAN protocol, as repre-
sented by block 310 of FIG. 8B. After the pre-charge state is
sent to the VCU 16, the pre-charge function may be complete,
as represented by block 312 of FIG. 8B.

At block 326 of FIG. 8A, if the initial voltage of the bus
capacitance is less than the given value for a time period equal
to the time constant of the RC circuit formed by the pre-
charge resistors 86 and the bus capacitance, the BMU 14 may
check if the elapsed pre-charge time is greater than or equal to
a given time threshold, such as 50 milliseconds, as repre-
sented by block 336 of FIG. 8A. If so, the BMU 14 may check
if the elapsed pre-charge time is greater than or equal to the
given pre-charge time threshold, as represented by block 328
of FIG. 8B. If the elapsed pre-charge time is less than the
given pre-charge time threshold, the BMU 14 may set the
pre-charge state to PRECHARGING and output the pre-
charge state to the VCU 16 over the vehicle bus 18 with the
CAN protocol (block 330). The BMU may then repeat the
checks performed in blocks 322, 326, and 336 of FIG. 8A. If
the elapsed pre-charge time is greater than or equal to the
given pre-charge time threshold, the BMU 14 may set a
pre-charge fault as represented by block 332 of FIG. 8B. The
BMU 14 may set the pre-charge state to FAILED (block 334)
and may output the pre-charge state to the VCU 16 over the
vehicle bus 18 with the CAN protocol, as represented by
block 310. After the pre-charge state is sent to the VCU 16, the
pre-charge function may be complete, as represented by
block 312 of FIG. 8B.

At block 336 of FIG. 8A, if the elapsed pre-charge time is
less than the given time threshold, the BMU 14 may check if
the voltage of the bus capacitance is changing at an acceptable
rate, as represented by block 338 of FIG. 8B. Ifthe voltage of
the bus capacitance is not changing or changing slowly, the
bus capacitance may have a short circuit. The BMU 14 may
determine if the bus capacitance is changing too slowly by
checking the following inequality for consecutive measure-
ments:

(Current bus capacitance voltage — Initial bus capacitance voltage) = 1000 ms/sec .

(Elapsed pre-charge time — measurement delay time)

At block 322 of FIG. 8A, if the voltage of the bus capaci-
tance is not within a percentage range of the battery pack 12
voltage, the BMU 14 may check if the initial voltage of the
bus capacitance is greater than a given value, such as 50 volts,
for a time period equal to the time constant of the RC circuit
formed by the pre-charge resistors 86 and the bus capacitance,
as represented by block 326 of FIG. 8A. If so, the BMU 14
may check if the elapsed pre-charge time is greater than or
equal to a given pre-charge time threshold, such as 640 mil-
liseconds, as represented by block 328 of FIG. 8B. If the
elapsed pre-charge time is less than the given pre-charge time
threshold, the BMU 14 may set the pre-charge state to PRE-
CHARGING and output the pre-charge state to the VCU 16
over the vehicle bus 18 with the CAN protocol (block 330).
The BMU may then repeat the checks performed in blocks
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rate of change bus voltage.

If the inequality is satisfied, the BMU 14 may check if the
elapsed pre-charge time is greater than or equal to the given
pre-charge time threshold, as represented by block 328 of
FIG. 8B. If the given pre-charge time threshold has not been
reached, the BMU 14 may set the pre-charge state to PRE-
CHARGING and output the pre-charge state to the VCU 16
over the vehicle bus 18 with the CAN protocol (block 330).
The BMU may then repeat the checks performed in blocks
322,326,and 336, of FIG. 8 A and block 338 of FIG. 8B. Ifthe
elapsed pre-charge time is greater than or equal to the given
pre-charge time threshold, the BMU 14 may set a pre-charge
fault as represented by block 332 of FIG. 8B. The BMU 14
may set the pre-charge state to FAILED (block 334) and may
output the pre-charge state to the VCU 16 over the vehicle bus
18 with the CAN protocol, as represented by block 310 of
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FIG. 8B. After the pre-charge state is sent to the VCU 16, the
pre-charge function may be complete, as represented by
block 312 of FIG. 8B.

If'the inequality is not satisfied, the BMU 14 may set a short
circuit fault (block 340), a pre-charge fault (block 332), and
the pre-charge state to FAILED (block 334). The BMU 14
may output the pre-charge state to the VCU 16 over the
vehicle bus 18 with the CAN protocol, as represented by
block 310 of FIG. 8B. After the pre-charge state is sent to the
VCU 186, the pre-charge function may be complete, as repre-
sented by block 312 of FIG. 8B.

While only certain features and embodiments of the inven-
tion have been illustrated and described, many modifications
and changes may occur to those skilled in the art (e.g., varia-
tions in sizes, dimensions, structures, shapes and proportions
of the various elements, values of parameters (e.g., tempera-
tures, pressures, etc.), mounting arrangements, use of mate-
rials, colors, orientations, etc.) without materially departing
from the novel teachings and advantages of the subject matter
recited in the claims. The order or sequence of any process or
method steps may be varied or re-sequenced according to
alternative embodiments. It is, therefore, to be understood
that the appended claims are intended to cover all such modi-
fications and changes as fall within the true spirit of the
invention. Furthermore, in an effort to provide a concise
description of the exemplary embodiments, all features of an
actual implementation may not have been described (i.e.,
those unrelated to the presently contemplated best mode of
carrying out the invention, or those unrelated to enabling the
claimed invention). It should be appreciated that in the devel-
opment of any such actual implementation, as in any engi-
neering or design project, numerous implementation specific
decisions may be made. Such a development effort might be
complex and time consuming, but would nevertheless be a
routine undertaking of design, fabrication, and manufacture
for those of ordinary skill having the benefit of this disclosure,
without undue experimentation.

The invention claimed is:

1. A vehicle control system comprising:

a vehicle control unit; and

a plurality of battery packs disposed in parallel and con-
figured to power a bus capacitance of a vehicle deriving
atleast a portion of its motive power from the plurality of
battery packs, wherein each battery pack comprises:

a pre-charge circuit coupled to the battery pack and
configured to limit a current flowing from the battery
pack;

main contactors configured to electrically couple and
decouple the battery pack with the bus capacitance
upon receiving a first electric signal;

a pre-charge contactor configured to electrically couple
and decouple the battery pack with the pre-charge
circuit upon receiving a second electric signal; and

a battery management unit configured to send data about
the battery pack to a vehicle control unit, receive
commands from the vehicle control unit, and send
signals to the main contactors and the pre-charge con-
tactor based on the commands from the vehicle con-
trol unit;

wherein the vehicle control unit is configured to receive
battery pack data from the battery management units of

the plurality of battery packs and send commands to a

selection of battery management units selected from the

plurality of battery packs to pre-charge the bus capaci-
tance with a selection of the plurality of battery packs
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corresponding to the selection of battery management
units based on the battery pack data received from the
battery management units.

2. The vehicle control system of claim 1, wherein the
battery management unit of each battery pack operates inde-
pendently of every other battery management unit of other
battery packs.

3. The vehicle control system of claim 1, wherein the
vehicle control unit is configured to pre-charge the bus
capacitance with the plurality of battery packs in parallel if a
difference in terminal voltages of the battery packs is less than
or equal to a voltage threshold.

4. The vehicle control system of claim 3, wherein the
vehicle control unit is configured to pre-charge with a subset
of non-failing battery packs if pre-charging the bus capaci-
tance with the plurality of battery packs in parallel fails for
one or more of the plurality of battery packs.

5. The vehicle control system of claim 1, wherein the
vehicle control unit is configured to pre-charge the bus
capacitance with each of the plurality of battery packs
sequentially if a difference in terminal voltages of the battery
packs is greater than a voltage threshold.

6. The vehicle control system of claim 5, wherein the
vehicle control unit is configured to pre-charge the bus
capacitance with the battery pack that has a highest terminal
voltage before pre-charging the bus capacitance with the bat-
tery packs with lower terminal voltages when the vehicle is in
a mode enabling discharge of the battery packs.

7. The vehicle control system of claim 6, wherein the
vehicle control unit is configured to pre-charge the bus
capacitance with the battery packs with lower terminal volt-
ages if the pre-charge sequence fails for the battery pack that
has the highest terminal voltage.

8. The vehicle control system of claim 6, wherein the
vehicle control unit is configured to indicate to the driver of
the vehicle that the battery packs with the lower terminal
voltages need to be charged if the pre-charge sequence suc-
ceeds forthe battery pack that has the highest terminal voltage
and the difference in terminal voltages of the battery packs is
still greater than a voltage threshold.

9. The vehicle control system of claim 6, wherein the
vehicle control unit is configured to pre-charge the bus
capacitance with the battery packs with the lower terminal
voltages if the pre-charge sequence succeeds for the battery
pack that has the highest terminal voltage and the difference
in terminal voltages of the battery packs is less than or equal
to a voltage threshold.

10. The vehicle control system of claim 5, wherein the
vehicle control unit is configured to pre-charge the bus
capacitance with the battery pack that has a lowest terminal
voltage before pre-charging the bus capacitance with the bat-
tery packs with higher terminal voltages when the vehicle is
in a charge mode.

11. The vehicle control system of claim 10, wherein the
vehicle control unit is configured to pre-charge the bus
capacitance with the battery packs with higher terminal volt-
ages if the pre-charge sequence fails for the battery pack that
has the lowest terminal voltage.

12. The vehicle control system of claim 10, wherein the
vehicle control unit is configured to charge the battery pack
with the lowest terminal voltage until the difference in termi-
nal voltages of the plurality of battery packs is less than or
equal to a voltage threshold if the pre-charge sequence suc-
ceeds for the battery pack with the lowest terminal voltage.

13. The vehicle control system of claim 12, wherein the
vehicle control unit is configured to perform a pre-charge
routine on the battery packs with the higher terminal voltages
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when the voltage difference ofthe plurality of battery packs is
less than or equal to a voltage threshold.

14. The vehicle control system of claim 1, wherein the
vehicle control unit is configured to charge battery packs that
have successfully completed a pre-charge routine.

15. The vehicle control system of claim 1, wherein the
plurality of battery packs are configured to supply power to
electronic features of the vehicle.

16. The vehicle control system of claim 1, wherein the
battery management unit determines the pre-charge sequence
is complete if the voltage of the bus capacitance is within a
percentage range of the battery pack pre-charging the bus
capacitance.

17. A method for pre-charging a bus capacitance of a
vehicle that receives at least a portion of its motive power
from electricity generated from a battery system using a plu-
rality of battery packs disposed in parallel comprising:

receiving battery pack data from a battery management

unit of each of the battery packs;
determining, based on the battery pack data, which battery
packs may pre-charge the bus capacitance in parallel;

sending commands to the battery management units to
begin pre-charging the bus capacitance by closing a
pre-charge contactor in each battery pack to electrically
couple the battery pack to a pre-charge circuit config-
ured to limit a current flowing from each battery pack to
the bus capacitance;

receiving status information from each of the battery man-

agement units; and

determining, based on the status information, whether the

bus capacitance was successfully pre-charged by the
battery packs.
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18. The method of claim 17 comprising pre-charging the
bus capacitance with the battery packs in parallel if a differ-
ence in terminal voltages of the battery packs is less than or
equal to a voltage threshold.
19. The method of claim 17 comprising pre-charging the
bus capacitance with the battery packs sequentially if a dif-
ference in terminal voltages of the battery packs is greater
than a voltage threshold.
20. A non-transitory tangible computer-readable medium
comprising executable code, the executable code comprising
instructions for:
receiving battery pack data from a battery management
unit of each of a plurality of battery packs;

determining, based on the battery pack data, which of the
plurality of battery packs form a subset of battery packs
that may pre-charge a bus capacitance in parallel;

sending commands to the battery management units to
begin pre-charging the bus capacitance by closing a
pre-charge contactor in each of the subset of battery
packs to electrically couple the subset of battery packs to
apre-charge circuit configured to limit a current flowing
from each of the subset of battery packs to the bus
capacitance;

receiving status information from each of the battery man-

agement units; and

determining, based on the status information, whether the
bus capacitance was successfully pre-charged by the
subset of battery packs.
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